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Dependence of Calculus Retropulsion Dynamics on Fiber Size and Radiant Exposure During Ho:YAG Lithotripsy

During pulsed laser lithotripsy, the calculus is subject to a strong recoil momentum which moves the calculus away from laser delivery and prolongs the operation. This study was designed to quantify the recoil momentum during Ho:YAG laser lithotripsy. The correlation among crater shape, debris trajectory, laser-induced bubble and recoil momentum was investigated. Calculus phantoms made from plaster of Paris were ablated with free running Ho:YAG lasers. The dynamics of recoil action of a calculus phantom was monitored by a high-speed video camera and the laser ablation craters were examined with Optical Coherent Tomography (OCT). Higher radiant exposure resulted in larger ablation volume (mass) which increased the recoil momentum. Smaller fibers produced narrow craters with a steep contoured geometry and decreased recoil momentum compared to larger fibers. In the presence of water, recoil motion of the phantom deviated from that of phantom in air. Under certain conditions, we observed the phantom rocking towards the fiber after the laser pulse. The shape of the crater is one of the major contributing factors to the diminished recoil momentum of smaller fibers. The re-entrance flow of water induced by the bubble collapse is considered to
Introduction
Previous reports have demonstrated the clinical feasibility of fragmenting urinary and biliary calculi with high power lasers ͓1,2͔. Several pulsed lasers such as pulsed dye, alexandrite, and Ho:YAG have been successfully used as intracorporeal lithotriptors ͓3-5͔. Calculus fragmentation for short pulse lasers ͑pulse duration less than 1 s͒ is mainly produced by the combination of laser energy absorption and resultant laser-induced shock wave, whereas long pulse Ho:YAG lithotripsy is considered a thermal process ͓5-7͔. During pulsed laser calculus interaction, the calculus is subject to a strong recoil momentum caused by the combined effect of the fragmented particle ejection, bubble expansion and collapse, and the laser induced shock wave ͓8-19͔. This momentum may cause the calculus to recoil away from the laser delivery fiber; the physician then must move the fiber to the new calculus position for additional laser irradiation. This cumbersome process makes the procedure inconvenient and difficult, and eventually prolongs the operation.
This study was designed to quantify the recoil momentum during the Ho:YAG laser lithotripsy. The dynamics of recoil action of a calculus phantom was monitored with a high-speed video camera and ablation craters were examined with Optical Coherent Tomography ͑OCT͒ ͓20-21͔. The trajectory of ejected debris was studied also. The correlation among crater shape, debris trajectory, laser-induced bubble and recoil momentum was investigated.
Materials and Methods
Calculus phantoms with a mass of 150 mg and a dimension of 5 mm 3 were made from plaster of Paris ͑calcium phosphate͒. The calculus phantom was placed in a model of the ureter ͑Fig. 1͒ consisting of a clear glass tube with an inner diameter of 12.5 mm and a length of 15 cm. Both ends of the tube were sealed with polymer clay. The experiment was performed with and without deionized water in the tube. A clinical Ho:YAG laser ͑VersaPulse Select, Lumenis, CA͒ and a scientific Ho:YAG laser ͑1-2-3 laser, Schwartz Electro Optics, FL͒ were employed in our study. Both lasers emit 2.1 m laser pulses with a pulse duration of 250 ϳ300 sec. A Ho:YAG pulse was delivered to a calculus phantom via low OH Ϫ quartz fibers ͑SlimLine™ 200, 365, 550 and 1000, Lumenis, CA͒ inserted into the tube through a small hole of the sealing polymer clay. Before each irradiation, the fiber was placed in contact with the phantom and the irradiation spot was adjusted with a three-axis translation stage to be centered on the phantom. Before and after the ablation, the laser energy out of the distal end of the fiber was measured with an energy meter ͑EPM 2000, Molectron, OR͒ equipped with a pyroelectric joulemeter ͑J25, Molectron, OR͒. To eliminate potential artifacts due to fiber damage during laser irradiation, measurements were considered valid only if the transmission loss after irradiation was less than 10% of input laser energy.
Motion of the calculus phantom was monitored with a highspeed video camera ͑FASTCAM Super 3K, Photron, CA͒ that allowed us to take pictures at 1000 frames per second. A white light source illuminated the glass tube and phantom. The highspeed video camera and lens system were adjusted to capture the motion of the phantom with a spatial resolution of 3 m. Acquired images were transferred to a PC equipped with a frame grabber. Edges of the transferred digital images were enhanced using Image Processing toolbox in Matlab ͑The Mathworks, MA͒.
A series of experiments was conducted to measure the initial velocity of the phantom after the pulse under various conditions. Variables included laser energy ͑200, 400, 500, 800 and 1000 mJ͒ and fiber diameter ͑272, 365, 550 and 940 m͒. The laser-induced retropulsive force was assumed as an impulse impact due to its short existence ͑less than 1 msec͒. The initial displacement ͑the displacement during the first millisecond after the onset of the laser pulse͒ of the retropulsion phantom was measured by examining the first two frames after the laser pulse. The initial velocity of the phantom was calculated from the initial displacement and travel time ͑1 msec͒. The linear recoil momentum was determined from the product of mass and initial velocity.
where J rm ϭlinear recoil momentum (kgϫm/sec), m rm ϭmass of phantom ͑kg͒, and v rm ϭinitial velocity of phantom ͑m/sec͒. The effect of friction and drag force during the first millisecond was assumed to be negligible Laser induced craters were examined with an OCT system ( 0 ϭ1290 nm and ⌬ϭ42 nm) with a lateral and axial resolution of ϳ20 m to obtain the quantitative ablation crater shape ͓22͔. A series of cross sectional images was obtained over the entire crater, with a 40 m distance between each image. Ablation volume was estimated from OCT cross-sections over the crater volume.
The propagation direction of the laser-induced ablation plume governs the direction and magnitude of recoil momentum ͓8-14͔. To investigate the direction of plume propagation after being ablated, we used the high-speed video camera to monitor the dynamics of the laser-induced plume ͓23͔. Laser burn paper ͑Kentek, NH͒ was placed 2 cm away from the fiber at three different angles with respect to the fiber ͑perpendicular and Ϯ45 deg͒ and then irradiated with a single Ho:YAG laser pulse ͑940 m fiber and 500 mJ of pulse energy͒. The trajectory of the ejected ablation plume was determined from the acquired image sequences.
Results
Recoil Action of Calculus Phantom During Pulsed Laser
Lithotripsy. The laser-induced plume and recoil action of the phantom can be observed in consecutive pictures presented in Fig.  2 . For illustration purpose, in this example, the phantom was placed on a metal surface to demonstrate the process. The actual recoil momentum data presented below were obtained with phantoms in a glass tube. The fiber tip was initially positioned in contact with the phantom ͑Fig. 2͑a͒͒. A single Ho:YAG laser pulse irradiated the phantom, and the ejected ablation plume ͑white particles͒ was observed around the fiber and the irradiated side ͑Fig. 2͑b͒͒. Due to the conservation of momentum, momentum imparted to the ejected particles created a recoil momentum on the phantom and the phantom moved away from the fiber ͑Fig. 2͑c͒͒. The phantom continued to move until friction and drag forces brought it to a new stationary position ͑Fig. 2͑d͒͒. Figure 3 shows the recoil momentum (J rm ) of the phantom, surrounded by air in the glass tube, as a function of radiant exposure (H o ) for four different fiber diameters. The radiant exposure (H o ) is defined as the incident laser pulse energy per unit area. Error bars represent the standard deviations. Recoil momentum was calculated using Eq. ͑1͒ and assuming the single laser pulse did not significantly decrease the initial 150 mg mass of the phantoms. The recoil momentum increased with radiant exposure for all four fiber sizes. For a given radiant exposure, the recoil momentum decreased with decreasing fiber diameter. Figure 4 displays recoil momentum calculated from initial velocity of the phantom in water as a function of radiant exposure for four different fiber diameters. At the lowest two radiant exposure of each fiber, the recoil of the phantom was unidirectional ͑moving away from the fiber tip͒, similar to the recoil seen under the dry condition. However, at higher radiant exposure levels, the motions of the phantom deviated from those observed under the dry condition. At these radiant exposures, the laser pulse caused the phantom to move away initially. The top of the phantom then rocked back towards the fiber, while the phantom continued to move away from the fiber ͑Fig. 5͒. This data was not plotted in Fig. 4 because the initial velocity was affected by the nonlinear motion of the phantom.
Recoil Momentum Dependence on the Fiber Size and Radiant Exposure, in Air.
Calculus Phantom Recoil in Water.
Laser Induced Bubble and Re-entrance Flow. Figure 6 provides the sequence of the formation and collapse of the laserinduced bubble and the resulting re-entrance flow. In order to clearly visualize the dynamics of the rocking, a gap was introduced between the fiber and the phantom. This minimized the recoil motion and ensured that the rocking motion was the dominant movement. Suspended particles ͑pre-existing ablated debris from previously irradiated phantoms which appeases as white dots in the pictures͒ were introduced in the water in order to visualize the current of the re-entrance flow. The exposure time of the cam- 
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Transactions of the ASME era was set at 4 msec. Before the pulse, the phantom was at rest in the glass tube ͑Fig. 6͑a͒͒ and a bubble was created by the pulse ͑Fig. 6͑b͒͒. The collapse of the bubble created the re-entrance flow which can be observed as the tail of the suspended particle ͑Fig. 6͑b͒ and ͑c͒͒. The re-entrance flow caused the stone to rock towards the fiber ͑Fig. 6͑c͒͒, after which, the stone fell back to the resting position ͑Fig. 6͑d͒͒.
Laser-Induced Crater Topography. After exposure to a single Ho:YAG laser pulse, ablation craters were scanned with an OCT instrument and the cross sectional profiles are displayed in Fig. 7 . Typical images for the largest ͑940 m͒ and smallest ͑273 m͒ fiber diameters are shown. An increase in laser energy produced larger craters for all four fibers. The crater shape was also affected by fiber size. At a given laser energy, irradiation with the larger fiber produced wider and shallower craters.
Ablation Volume as a Function of the Fiber Size and Radiant Exposure. The ablation volumes, calculated from crosssectional OCT image, are provided in Fig. 8 . Error bars indicate the standard deviation of the measurement. Use of higher radiant exposure produced a larger ablation volume for any fiber diameter. 
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Propagation of Ejected Particles. Figure 9 consists of three series of images that shows the propagation direction of the ablated plume during laser ablation of burn paper. Even when the target ͑burn paper͒ is at an angle with respect to the laser beam, the ejected plume propagates in the direction normal to the burn paper surface.
Discussion
During lithotripsy, recoil of a calculus is the result of a number of interrelated phenomena. First, a minute pressure ͑termed ''radiation pressure''͒ is exerted on a target surface due to the momentum transfer from photon to target. This momentum transfer takes place as a result of photon energy absorption regardless of the occurrence of ablation ͓11,24͔. Since the magnitude of the radiation pressure is much smaller than ablation-induced recoil stress ͑pressure͒, it was neglected. At super-ablation radiant exposure, the ejection of the ablated plume causes the calculus to recoil away from the fiber to conserve momentum ͓8-11͔. The ejection velocity, total mass, and the propagation direction of the ejected plume determine the recoil momentum. If the pressure of the expanding vapor is higher than the ambient pressure, an additional force ͑the product of the pressure difference and irradiation area͒ causes the calculus to recoil.
Many previous studies have proposed analytical solutions for recoil momentum based on two distinct ablation models ͓25͔. Phipps et al., and Venugopalan et al. proposed an ''explosive ablation'' process, in which the entire laser pulse energy is absorbed prior to the onset of material ejection ͓19,26͔. According to this model, a portion of the laser pulse provides the heat of ablation ͑which is the energy required to initiate ablation͒ and the reminder of the absorbed pulse is kinetic energy of the ablated plume that determines the amplitude of the recoil momentum. This model is suitable for Q-switched IR laser-induced ablation process, in which the pulse duration ( p Ͻ1 sec) is short enough to satisfy the assumption that all of the pulse energy is absorbed prior to ablation.
The ''steady-state vaporization'' model is more appropriate for interpreting the recoil momentum induced by a continuous laser or long pulsed laser ͓15-18͔. This model was first proposed to describe the ablation of metal and UV laser-induced ablation. The schematic diagram in Fig. 10 describes the material ablation driven by a continuous vaporization process. Laser-induced vapor 
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Transactions of the ASME moves away from the ablation front with a velocity v. In order to conserve the momentum, a recoil stress ͑recoil pressure͒ p 0 is exerted on the surface.
where p 1 is the pressure of expanding vapor, ṁ is the ejected mass rate per unit area, and ṁ v represents the momentum rate carried out by vapor flow per unit area. The recoil stress (p 0 ) is based on gas-dynamic equations: the continuity equation, the Navier-Stokes equation, and the equation of energy conservation. The estimated vapor pressure, the momentum rate of the vapor flow, and recoil stress almost linearly increase with the laser radiant exposure over the range used in this study ͓17,18͔.
where c 1 and c 2 are constants of proportionality. Details of the derivation process may be found in Refs. ͓17͔ and ͓18͔. The linear dependency of recoil stress on the laser radiant exposure has been observed in previous studies ͓13,14,17͔. From Eq. ͑5͒, the resultant force and recoil momentum are given by the expression:
where F is the force that recoils the target, A is the irradiation area and p is the pulse duration. The recoil momentum can be divided into two terms as follows:
where m i is the mass of ablated particles and v i is the velocity along the laser-incident axis. J 1 and J 2 represent the recoil momentum induced by the pressure difference and the ejection of the mass, respectively. The measured recoil momentum increases linearly with increasing laser radiant exposure as indicated by Eq. ͑7͒. This result is not surprising because higher radiant exposure typically result in a larger ablation mass, increasing the recoil momentum of the phantom.
Eq. ͑7͒ also suggests that the recoil momentum is proportional to the irradiation area as well as the radiant exposure. To investigate the dependency of recoil momentum on fiber diameter, the measured recoil momentums were linearly curve-fitted using a least-square method. The ratios between slopes of each fiber are compared along with the ratio between the irradiation areas in Fig.  11 . According to Eq. ͑7͒, the ratios between slopes of recoil momentum should be identical to the ratios of irradiation area. How- 
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AUGUST 2004, Vol. 126 Õ 511 ever, as shown in Fig. 11 , the ratios between slopes are lower than the values expected from the area ratios. This implies that the decrease of recoil momentum by a smaller fiber cannot solely be explained by the smaller irradiation area. In order to account for the reduction of recoil momentum by a smaller fiber, we proposed a mechanism based on the plume propagation direction and crater shape. The estimated recoil momentums in Eq. ͑7͒ is valid under the condition that the ablation front ͑laser-induced crater͒ over the whole laser spot is normal to the laser-incident axis, as depicted in Fig. 10 . J 1 ͑the product of vapor pressure and irradiating area͒ is independent of the crater geometry; however J 2 needs to be modified when the ablation front ͑laser-induced crater͒ is contoured ͑i.e., it has a certain angle with respect to the laser-incident axis͒ as observed in OCT images in Fig. 7 . If ablated materials ͑of total mass m t ) escape with a velocity v and the propagation direction is parallel with the laserincident axis ͑Fig. 10͒, J 2 is simply expressed as:
If the ablated material propagates with a certain angle with respect to the laser-incident axis, only a portion of the velocity vectors contribute to the recoil momentum along the laser-incident axis 
Õ Vol. 126, AUGUST 2004
Transactions of the ASME and the resultant recoil momentum should be smaller than J 2,n . In order to quantify the diminution of J 2 due to the crater contour, we defined the diminution factor as follows:
where J 2,c is the recoil momentum by material ejection on a contoured ablation front. For a given radiant exposure, a smaller fiber produces narrow craters with a steep contoured geometry due to its smaller irradiation area compared to a larger fiber ͓23͔. This trend is confirmed by OCT images ͑Fig. 7͒ revealing that the crater curvature increases as the fiber diameter decreases. Figure  12 shows an illustration that demonstrates how the differences in crater topography affect recoil momentum. Crater ͑a͒ and ͑b͒ have a flat bottom and craters ͑c͒ and ͑d͒ have a contoured bottom. The irradiation area (A 2 ) of craters ͑b͒ and ͑d͒ are set to be twice the irradiation area (A 1 ) of crater ͑a͒ and ͑c͒. For example, consider that five ablated particles for crater ͑a͒ and ͑c͒ and ten particles for crater ͑b͒ and ͑d͒ were produced at a certain time; the number of ablated particles ͑ablation mass͒ was assumed proportional to the irradiation area for a give radiant exposure. Laser-induced particles will be ejected in a direction normal to the surface ͑that is confirmed by the plume propagation experiment, Fig. 9͒ . The particles will generate a force on the calculus in the opposite direction of their propagation. The velocity of particles can be divided into two components ͑x and y axis͒. The x components of particles cancel each other and hence do not contribute to the recoil momentum. Only the y components will make the calculus move in the negative y direction ͑along the laser-incident axis͒. In the case of crater ͑a͒ and ͑b͒, since the velocity of ejected particles does not have x component, the recoil momentum induced by the ejection of particles is expressed from Eq. ͑10͒ as follows:
And the ratio between J 2,n,a and J 2,n,b is determined by the ratio of areas as follows:
Regarding craters with contoured ablation fronts, the recoil momentum induced by the ejection of particles is expressed as follows:
where ␣ c and ␣ d are the diminution factors of contoured craters ͑c͒ and ͑d͒, respectively. Then, the ratio between J 2,c and J 2,d is determined not only by the ratio of areas but also by the ratio between the diminution facts as following:
The diminution factor ␣ is governed by the contour of the ablation front; the steeper the contour is, the greater ␣ is. Accordingly, the ratio J 2,c /J 2,d ϭ ␣ c A 1 /␣ d A 2 is smaller than J 2,a /J 2,b ϭ A 1 /A 2 since ␣ c is smaller than ␣ d . This can explain why a smaller fiber, which creates a more rounded crater, produces a recoil momentum smaller than the value that is expected from the ratio between irradiation areas. In the presence of water, we observed the phantom rocking after the laser pulse ͑Fig. 5͒. Absorption of a small portion of the Ho:YAG pulse energy in water produces a bubble. The re-entrance flow of water induced by the bubble collapse ͑Fig. 6͒ is considered to be the cause of the rocking of the phantom. During lithotripsy, the surrounding water is a highly absorbing medium for the Ho:YAG laser beam. Once the water absorbs the laser pulse energy, the water is vaporized, forming a bubble, and the bubble eventually collapses. If there is no solid boundary near the bubble, the bubble collapses symmetrically. If a solid boundary exists near the bubble, the bubble will collapse asymmetrically due to retarded flow near the solid boundary ͓27-32͔. Figure 13 demonstrates the asymmetric bubble collapse process near a solid boundary. Numbers in the Fig. 13 indicate the time sequence ͑Number 1 indicates the initial stage of bubble collapse and number 5 indicates the last stage of collapse͒. As the bubble collapses, the upper boundary deforms more rapidly than the lower boundary, this is because the re-entrance flow from the bottom of the bubble is retarded by the viscous force due to the presence of the solid boundary. As a consequence, the bubble collapses asymmetrically which results in a powerful microjet flow ͑represented by arrows͒ that may lead to physical damage on the solid surface ͓30͔.
Based on the microjet phenomenon, the rocking after the pulse can be explained by the following mechanism. 1͒ The calculus phantom is at rest before the pulse ͑Fig. 14͑a͒͒. 2͒ The laser pulse produces an ablation plume, recoil motion is initiated, and a water bubble is formed ͑Fig. 14͑b͒͒. 3͒ The water bubble collapses asymmetrically due to the presence of the solid boundary, which results in a re-entrance flow from the top to the bottom ͑Fig. 14͑c͒͒. 4͒ The re-entrance flow causes the top of phantom to rock ͑Fig. 14͑d͒͒.
Based on our observations: we suggest 1͒ using small diameter fibers to minimize retropulsion during Ho:YAG lithotripsy and 2͒ using the laser at modest radiant exposures ͑energy levels͒ to minimize the effect of re-entrance flow as well as retropulsion.
Conclusion
We quantified the recoil momentum of calculus phantom during the Ho:YAG laser lithotripsy. The dependency of recoil on the fiber size and laser radiant exposure was determined. The correlation among crater shape, debris trajectory and recoil momentum was investigated. Higher laser radiant exposure resulted in larger ablation volume ͑mass͒ which increased the recoil momentum. The smallest fiber produced a more rounded crater and diminished recoil momentum compared to the largest fiber. The shape of the crater was one of the major contributing factors to the augmented recoil momentum of larger fibers. In the presence of water, recoil motion of the stones deviated from that of stone in air. Under certain conditions, bubble was formed and calculus rocking was observed after the laser pulse. The re-entrance flow of water induced by the bubble collapse was postulated as the cause of the rocking of the calculus.
In the clinic, the retropulsion of calculus is erratic 3-D. However, the most problematic displacement is along the fiber axis ͑laser axis͒, since the lateral movement of calculus is limited by the wall of ureter. Physicians describe this type of axial retropulsion of calculus as the ''playing pool'' the calculus is shoot by light from the fiber as a cue tip hits a ball on a pool table. This study is designed to investigate the retropulsion of calculus along the fiber axis ͑laser-incident axis͒. To minimize retropulsion during Ho:YAG lithotripsy, we suggest using small diameter fibers at modest radiant exposure levels. Transactions of the ASME
